Condensed sperm chromatin is a prerequisite for natural fertilization. Some reports suggested the prevalence of chromatin condensation defects in teratozoospermia cases with head anomalies; conversely, earlier studies exemplified its occurrence in morphologically normal spermatozoa too. The aim of this study was to compare the condensation defects in correlation with head anomalies among different groups of subfertile males and its impact on the rate of fertilization in assisted reproduction procedures. Ultrastructure analysis of spermatozoa through scanning electron microscopy and atomic force microscopy could facilitate an indepth evaluation of sperm morphology. Nuclear condensation defects (%) in spermatozoa were analyzed in 666 subjects, and its effect on the rate of fertilization was analyzed in 116 IVF and 90 intracytoplasmic sperm injection cases. There was no correlation of condensation defects with head anomalies (%). Student's t-test showed no significant changes in mean values of condensation defects in abnormal semen samples in comparison with the normal group. Condensation defects were observed in normal spermatozoa too, which was negatively associated with the rate of fertilization in IVF (p < 0.01), but intracytoplasmic sperm injection outcome remained unaffected. Ultrastructure study revealed sperm morphological features in height, amplitude, and three-dimensional views in atomic force microscopy images presenting surface topography, roughness property of head, and compact arrangement of mitochondria over axoneme with height profile at nanoscale. In pathological forms, surface roughness and nuclear thickness were marked higher than the normal spermatozoa. Thus, percentage of normal spermatozoa with condensation defects could be a predictive factor for the rate of fertilization in IVF. From diverse shapes of nucleus in AFM imaging, it could be predicted that defective nuclear shaping might be impeding the activity of some proteins/ biological motors, those regulate the proper Golgi spreading over peri-nuclear theca.
INTRODUCTION
Human spermatozoon is the only highly differentiated haploid cell with a unique structural organization that gains motility to travel inside female reproductive tract and has the potential to fertilize an egg. They are produced in millions by the process of spermatogenesis involving a series of complex events, namely repeated cell divisions from the pool of germ cells in testis, chromatin condensation, acrosomal cap formation, cytoplasmic extrusion, and tail formation. A typical human spermatozoon has a distinct structure with an oval-shaped head (3-5 lm length and 2-3 lm width), a midpiece (7-8 lm), and a tail (45 lm) .
The major part of sperm head is occupied by a densely compact nucleus, being capped by acrosome and plasma membrane. Acrosome is the Golgi-derived zone, formed by the expansion of pro-acrosomic vesicles over the nucleus and shaped as a cap, covering 40-70% area of the head. This component contains a variety of proteins and hydrolytic enzymes, essential for sperm attachment with zona pellucida of oocyte, often termed as acrosome reaction. Meanwhile, nuclear materials of the same flatten and undergo hyper-condensation by the replacement of DNA-binding proteins from histone to protamines. From the base of nucleus, core microtubules (axoneme) grow from the distal centriole with the regular pattern (9 + 2) to form outer dense fibers in the midpiece region and get ensheathed by mitochondria. Articulation of midpiece to the nuclear pole at the base of the head forms the neck of spermatozoa. The final step of spermiogenesis leads to the formation of tail of a spermatozoon, ultimately giving rise to morphologically normal and mature spermatozoa (Cheme & Rawe, 2003) . Any alteration of normal spermiogenesis may lead to the production of pathological forms of spermatozoa with head anomalies, defective neck alignment, midpiece defects with cytoplasmic residues, and tail defects (Sutovsky & Manandhar, 2006) . Clinical evaluation of sperm morphology plays a vital role in infertility treatment . Morphological analysis of spermatozoa is currently assessed in the stained smears under a light microscope at 10009 magnification (WHO, 2010) . However, ultrastructure depicts higher magnifications and resolutions to mark certain abnormal features, in a threadbare sperm analysis. Studies on scanning electron microscopy (SEM) and transmission electron microscopy (TEM) facilitated a better understanding of phenotypical abnormalities of human spermatozoa and their cytological details that represented certain functional abilities to an extent (Visco et al., 2010) , but sampling for these electron microscopies are time-consuming for fixation and need to be electrically conductive for imaging. In the advancement of microscopy, atomic force microscopy (AFM) is a preferential tool for imaging at nanoscale that could obtain a three-dimensional (3D) topographical view of non-conductive samples both in a physiological environment and in a fixed form (Kumar et al., 2005) . Further, it allows to observe and evaluate the texture of cell membrane thoroughly at different heights in revealing roughness, elasticity, and various biophysical properties at molecular level. AFM study of mammalian spermatozoa guided in understanding cell structure-function relationship; that is expected to have a significant application in human reproduction (Kumar & Roy, 2010) .
In ART clinics, sperm selection during intracytoplasmic sperm injection (ICSI) technique is an important determinant for success in terms of fertilization rate. Studies revealed 30% oocytes fail to fertilize in normal condition that may be due to sperm abnormalities and/or defects in oocyte activation factors (Swain & Pool, 2008; Kahyaoglu et al., 2014) . With respect to sperm parameters, properly condensed sperm nucleus is essential to undergo decondensation for pronucleus formation during fertilization (Tosti & Fortunato, 2011) . Declined rate of fertilization, embryo quality, and pregnancy outcome were also recorded in semen samples with aneuploid and immatured spermatozoa (Lazaros et al., 2011) . Moreover, higher prevalence of abnormal chromatin condensation was marked in teratozoospermia cases Utsuno et al., 2013) . It was observed that spermatozoa containing improperly packaged chromatin have the higher chance of abnormal head shapes. On the contrary, earlier studies exemplified the occurrence of abnormal chromatin packaging in morphologically normal spermatozoa too (Hofmann & Hilscher, 1991; Bianchi et al., 1996) . And, AFM study also revealed that chromatin volume remains same for both normal and all abnormal shapes of head (Lee et al., 1997) .
This retrospective study was carried out to analyze the chromatin packaging in spermatozoa by correlating with morphological anomalies in different group of subfertile males and impact of nuclear condensation on the rate of fertilization in IVF and ICSI cases. Additionally, many a morphological anomaly of spermatozoa was presented through light microscopy, SEM, and AFM for an in-depth evaluation of morphology.
MATERIALS AND METHODS

Semen analysis
Semen samples from male patients, attending the Centre for Human Reproduction of the hospital for infertility treatment, were collected who had prior sexual abstinence for 3-5 days. Inclusion criterion was male partners within age 20-40 years. After initial semen analyses, 666 subjects were selected. Exclusion criteria were patients with blood-borne infectious diseases with an ongoing antibiotic regimen or with diabetes mellitus or varicocoele or hydrocele/hernia or addicted to tobacco/alcohol or even with azoospermia.
Soon after collection, samples were liquefied and analyzed at 37°C within 30-60 min. Semen volume, total sperm count, percentage of spermatozoa with rapid progressive motility, vitality, and percentage of normal spermatozoa were analyzed, according to the WHO standard criteria, as specified: volume ≥1.5 mL, concentration ≥15 million/mL, total count ≥39 million, progressive motility ≥32%, viability ≥58%, and normal morphology >4% (World Health Organization, 2010) . Semen sample with all normal sperm parameters is reported as normozoospermia and sample with altered parameters such as total sperm count less than 39 millions, as oligozoospermia, progressive motility less than 32%, as asthenozoospermia, and normal sperm morphology less than 4%, as teratozoospermia. Patients with multiple defect parameters are termed as oligoastheno, oligoasthenoteratozoospermia, azoospermia (no spermatozoa in semen).
Morphology assessment
Morphology of spermatozoa was analyzed by light microscopy, SEM, and AFM. Sperm morphology was assessed in Papanicolaou-stained smears (hematoxylene, orange-G, and EA-50 stain), using light microscopy, under the oil immersion at 10009 magnification following WHO criteria.
For SEM imaging, washed sperm samples were fixed by 2.5% glutaraldehyde in PBS for 2 h, followed by the fixative 1% osmium tetroxide, dehydrated in a graded ethanol series, critical point dried, and sputter-coated with gold. Then, images were recorded by a Zeiss scanning electron microscope (Dirican et al., 2008) .
For a few teratozoospermic semen samples, sperm morphology was assessed by AFM. Spermatozoa were fixed in 2.5% glutaraldehyde in PBS for 2 h, and the mixture was centrifuged at 200-300 g for 10 min. Collected sperm pellet was washed with PBS and smeared on a clean slide with an appropriate dilution. Dehydration process was carried out with 30, 50, 70, and 95% ethanol, for 5 min in each gradation. Then, AFM images were taken using the JPK Nano Wizard II (Germany), at intermittent air contact, which is called as tapping mode of operation with an ultrasharp silicon cantilever (K = 40 N/m, f = 300 kHz) (Takano & Abe, 2004) .
Acidic aniline blue staining
Slides are prepared by smearing 5 lL of either raw or washed semen samples and were air-dried before fixation for 30 min in 3% glutaraldehyde in phosphate-buffered saline (PBS). The smear was again dried and kept in 5% aqueous aniline blue solution (pH 3.5) for 5 min, to stain histone-rich nuclei of immature spermatozoa, rich in lysine taking up the blue stain. On the other hand, protamine rich nuclei of mature spermatozoa rich in arginine and cysteine with relatively low levels of lysine do not take up the stain. The percentage of spermatozoa stained with aniline blue is determined by counting 200 spermatozoa per slide under a bright field microscopy at 1000X, as specified (Kazerooni et al., 2009) .
IVF and ICSI
Infertile couples with appropriate indication/s were recruited and counseled for IVF (116 cases) and ICSI cycle (90 cases). Controlled ovarian hyperstimulation (COH) was planned as per GnRH agonist or antagonist protocol depending on patient's profile. COH was performed with administration of recombinant follicle-stimulating hormone (FSH) (Recagon, Whitehouse Station, NJ, USA) from day 2-3 of menstrual cycle. Pituitary downregulation was achieved by injection lupride (Luprorin, INTAS, India) in GnRH agonist protocol and injection ganirelix (Orgalutran, MSD, Whitehouse Station, NJ, USA) in GnRH antagonist cycles. Follicular monitoring was done by transvaginal ultrasound at an interval of 2-3 days. Final oocyte maturation trigger was planned after at least three follicles were of size more than 17 mm, and serum estradiol and progesterone levels were within recommended limit. Injection human chorionic gonadotropin (HCG) (Ovitrelle; Merck-Serono, Geneva, Switzerland) or injection lupride was used as the maturation trigger depending on the stimulation protocol and pre-trigger serum estradiol. After 35 h of final maturation trigger, transvaginal oocyte retrieval was performed through ultrasound guidance. Follicular fluid aspiration was carried out using ovum aspiration needle (Cat. K-OSN-1735-B-90, COOK Medical, Brisbane, Australia) into pre-warmed 14-mL round bottom tubes (Falcon, USA), and oocyte-cumulus complex was isolated in GMOPS+ (Vitrolife Sweden AB, Goteborg, Sweden) and further incubated in fertilization media (GIVF+ from Vitrolife, Sweden) at 37°C for 3-5 h in an incubator maintaining 6% CO 2 condition.
Liquefied semen samples were processed by the density gradient centrifugation method using the commercially available media (Nidacon International, Sweden). An aliquot of 1 mL 40% (v/v) density gradient medium (PureSperm-40) was layered over 1 mL 80% (v/v) density gradient medium (PureSperm-80). Properly mixed liquefied semen sample was transferred to the top of the density gradient media and centrifuged at 300 g for 15 min. After centrifugation, the supernatant was discarded. Sperm pellet was resuspended in an aliquot of 3 mL of wash medium (PureSpermwash) and the mixture recentrifuged at 160 g for 10 min. The supernatant was further discarded, and fertilization media was added to the pellet slowly. Then, the tube was kept at 37°C in an incubator maintaining 6% CO 2 for about half an hour.
After 3-5 h of incubation in fertilization media, around 50,000-100,000 motile spermatozoa per oocyte were inseminated for conventional IVF procedure in separate sterile dishes (Falcon, USA). For ICSI, the oocytes were denuded by the treatment of hyaluronidase enzyme, and then, selected spermatozoa were immobilized in polyvinylpyrrolidone (PVP) 7% (SAGE, CooperSurgical Company, Inc., Trumbull, CT, USA) and microinjected into matured oocytes with the help of microtools (injecting and holding pipettes from Cook, Bloomington, IN, USA) in a micromanipulator (Research Instruments Ltd., Cornwall, UK) attached to the inverted microscope (Ti-S, Nikon, Japan). Fertilization was assessed following 17-19 h after insemination under microscope; that is, the presence of two pronuclei (2PN) in the newly formed zygote (Sadeghi et al., 2009 ). Oocytes at matured metaphase II stage only were taken to analyze the impact of sperm nuclear condensation defects on the rate of fertilization. In this study, patients with normal male factor were selected for IVF; unexplained and male factor cases received ICSI. For female factor, patients were randomly selected, such as fallopian tube blockage, poly cystic ovary, and endometriosis cases. Both IVF and ICSI were carried out for a few PCO patients with more than 15 oocytes where the male factor was normal.
Data analysis
Prevalence of head anomalies was compared and correlated with those of spermatozoa with defective chromatin condensation. Student's t-test was applied to compare the mean values of condensation anomalies of normozoospermic samples with other group of subjects having compromised semen quality. In AFM study, surface roughness was calculated by average roughness (Ra), root mean square roughness (Rq), peak to valley roughness (Rt). Ra and Rq represent deviations in surface height and standard deviation of surface heights, respectively (Kumar et al., 2007) .
RESULTS
A total of 666 semen samples were analyzed and categorized into different groups according to WHO reference values, namely normozoospermia (NZ), oligozoospermia (OZ), asthenozoospermia (ASZ), oligoasthenozoospermia (OAZ), and oligoasthenoteratozoospermia (OAT). Mean values of semen parameters, morphological differences, and condensation defects were presented (Table 1 ). Student's t-test was applied to compare the mean values of condensation anomalies of normozoospermic samples with other four groups. It is discernible that abnormal semen samples had no significant enhancement in condensation defects in comparison with the normozoospermia group. With respect to condensation defects, in most samples, round heads showed defective chromatin condensation, whereas other head anomalies did not take AAB stain in all samples, analyzed (Fig. 1C) . Application of Pearson's correlation coefficient, r, showed no association of head anomalies (r = 0.001, p = 0.976) with abnormal chromatin condensation. Further, condensation defects were observed in morphologically normal spermatozoa too. Sperm morphology analysis through light microscopy at 10009 magnification revealed a mixture of anomalies, viz. round, tapered, amorphous, large head, double and four heads, bent neck, midpiece defects, and tail defects (Fig. 1A-C) .
In another set of experiments, nuclear condensation defects were analyzed in semen samples of subjects undergoing IVF (n = 116) and/or ICSI (n = 90). Mean values of sperm parameters and their condensation defects were presented (Table 2) . It also points the observed condensation defects in normal spermatozoa. Pearson's correlation coefficient 'r' was evaluated to analyze the effect of condensation defects on fertilization rate. In IVF, condensation defects in normal spermatozoa had a negative correlation with fertilization rate (r = À0.483, p < 0.01), but no significant change was observed for total condensation defects. Similarly, total condensation defect and normal spermatozoa with condensation defects have no significant association with the rate of fertilization in ICSI (Table 3) .
At high magnification, sperm morphology analysis was carried out using AFM and SEM. As AFM is a time-consuming technique (~2 h for a single spermatozoon), only five severe teratozoospermia samples were included with one control sample to compare with normal forms. Light microscopy revealed many anomalies, but it has some limitation due to the inherent low resolution (Fig. 1A, B) . SEM images represented peculiar and detailed features of sperm anomalies in comparison with normal spermatozoa. Normal spermatozoa were seen with a clear acrosomal lining covering around 70% of the head (Fig. 1D ). Spermatozoa were shown to have multiple defects in a single spermatozoon representing two-dimensional images of spermatozoa (Fig 1E) . A unique structure of spermatozoa was observed with a binucleated head connected by a septum-like structure, developed into two midpieces and tails, but connected to a single annulus clearly presenting defective spermiogenesis process (Fig. 1G) . Vacuoles appeared as large hollows of sperm head (Fig. 1F) , and several other anomalies, pyriform, round heads, improper neck alignment, incomplete cytoplasmic extrusion, and several tail defects were observed (Fig. 2) . Sometimes, clear annular ring in the midpiece region showed the specific part of the axoneme with mitochondrial arrangement of it, but the topography cannot be made in SEM image. The present AFM analysis was confined to fixed spermatozoa only as previous animal study (Ierardi et al., 2008) recorded no variation in air and physiological conditions. Fig. 3 depicted head of spermatozoa that clearly presented membrane, acrosome and sub-acrosomal region in AFM views with the height profile. 684 Andrology, 2018, 6, 680-689 Longitudinal height profile of the head region represented the minimum height of membrane as 14-23 nm and 75-312 nm in the flat acrosomal area, while the elevated part had a dense nuclear area as 241-667 nm. From the topographical view (3-D), height of the spermatozoa was observed as 1.2 lm (Fig. 3C ), while abnormal forms had an increased height of 1.5-2 lm, which was higher than that of normal forms (Fig. 3) . In normal spermatozoa, the length of plasma membrane connecting the acrosome was~470 nm, and acrosomal region ranged between 1.7 and 1.85 lm (Fig. 3D) . However, in amorphous, tapered, and other irregular shapes of spermatozoa, heads have higher acrosome lengths, more than 3 lm. Furthermore, with respect to mean values of surface roughness parameter in AFM images, normal spermatozoa have Ra = 218 nm and Rq = 244.7 nm. Acrosome-less round heads had surface roughness parameters lower than those of normal forms, and no significant change was observed in tapered heads. However, amorphous-shaped heads had two times higher roughness parameters than those of normal forms (Table 4) . Topographical images of abnormal spermatozoa were presented too (Fig. 4) .
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The height profile of a normal head with two vacuoles presented elevation and depression in nanometer scale (Fig. 5B) , which cannot be evaluated from a SEM image. The AFM imaging of midpiece region of a spermatozoon presented a clear and peculiar folding arrangement of mitochondria over axoneme where each fold of the midpiece measured as nearly 300 nm with the thickness as 250 nm in a topographical view (Fig. 5G-I) . A well-marked groove in the sperm flagella was observed both in normal and abnormal forms (Fig. 5D-F) . Furthermore, in amplitude image of midpiece, the arrangement of outer dense fibers was presented in clear lines, and tail anomalies were also observed showing the principal and end piece region of the tail (Figure not shown here) . Altogether, this study depicted that the AFM analysis could be a better tool for morphology analysis that gives idea about the surface topography of spermatozoa, along with some hints on internal features.
DISCUSSION
Intensive and dynamic process of human male gametogenesis produces millions of spermatozoa having the capability to contribute conception. Standard reference values for quantitative selection of spermatozoa are recommended (World Health Organization, 2010), but quality is least measured; nevertheless, there is inherent difficulty in predicting the functional competency of individual spermatozoa. Moreover, ambiguity of male infertility is often targeted to the functional ability of ejaculated spermatozoa. It is well known that a high percentage of morphologically abnormal spermatozoa negatively affect the rate of fertilization in vitro (Dain et al., 2011) . Another study recorded declined fertilization rates in samples with a higher percentage of amorphous heads (El-Ghobashy & West, 2003) . The present study highlighted the impact of nuclear condensation defects on morphology and functional ability of spermatozoa and also a detailed architect of the same by the use of high-end microscopy.
In different subfertile groups, no significant change in condensation defects was found (27.3 AE 0.7 in NZ group and 31.9 AE 5.3 in OAT group). Chemes & Sedo, 2012 also did not find clear relation between sperm morphology and condensation defect. In more detail, prevalence of abnormal chromatin packaging or errors in nuclear condensation in teratozoospermia cases was reported, where frequency was higher in amorphous heads. However, in the present study, only round-shaped heads showed defective condensation, but other abnormal shapes did not show defective condensation at significant level. Condensation defects were observed in normal spermatozoa too, corroborated elsewhere (Hofmann & Hilscher, 1991; Bianchi et al., 1996; Utsuno et al., 2014) . Similarly, no significant change in percentages of condensation defects was found between normozoospermia and teratozoospermia cases in the present analysis, which contradicted works reported from elsewhere (Franken et al., 1999; Utsuno et al., 2014) , but the presence of abnormal condensation in normozoospermic samples may have the risk of fertilization failure both in vivo and in vitro. Few samples with higher head defects (more than 70%) had considerably low percentages of condensation defects (lesser than 10%). So, head anomaly may be due to some other reasons during the process of spermiogenesis, but not the chromatin packaging error. Moreover, sperm condensation defects were analyzed at subcellular level .
Again in some tobacco-chewing cases, abnormal sperm heads showed defective condensation (unpublished data); hence, toxic chemicals of tobacco might be interfering directly or indirectly with the histone replacement process during spermiogenesis, irrespective of sperm morphology (Sunanda et al., 2014) . If abnormal shape is the result of defective condensation, all head anomalies could be expected to have defective chromatin packaging, which is not so herein. To address the same, acrosomal hypoplasia and globozoospermia are mostly studied on acrosomal defects that depict an improper attachment of Golgi-derived proacrosomal vesicles to nuclear membrane and extrusion through the residual cytoplasm that results in round head , but the mechanism of formation of spermatozoa with tapered or amorphous or pyriform or large head is still unknown.
Furthermore, histone-rich nuclei were also observed in morphologically normal spermatozoa in processed semen samples. Previous studies on nuclear condensation exemplified the decrease in volume of sperm nucleus to 1/20th volume of a somatic nucleus (Balhorn, 2007) . Probably, the presence of high percentages of histone in morphologically normal spermatozoa can be a sign of defective genome silencing and faulty imprinting pattern. Studies on condensation anomalies correlating ART outcome revealed that protamine deficiency negatively affects both fertilization rate and pronuclear morphology (NasrEsfahani et al., 2006; Lazaros et al., 2011) . In the present study, normal spermatozoa with condensation defects had a negative effect on fertilization rate in IVF; that was supported by another study where risk of fertilization failure was higher in the samples with increased percentages of abnormal spermatozoa and condensation defects (Esterhuizen et al., 2002) . On the other hand, ICSI outcome remained unaffected herein that also corroborated Figure 4 Topographical view of spermatozoa from AFM imaging. A, round head; B, amorphous head; C, tapered head; D, abnormal head with a narrow and irregular acrosome. [Colour figure can be viewed at wileyonlinelibrary.com] 686 Andrology, 2018, 6, 680-689 the work of Hammadeh et al., 1996 that demonstrated neither chromatin condensation (Aniline Blue staining) nor sperm morphology has a significant effect on fertilization.
It can be explained with some points that in IVF, sperm selection is natural and a single spermatozoon that enters an oocyte may be the chance event, governed by unknown factors. However, in ICSI, normal motile spermatozoa are selected from a viscous solution by an embryologist that represented high fertilizing potential. Additionally, the mechanical procedure itself may skip some additional steps essential during conventional IVF viz., sperm attachment, acrosome reaction, sperm penetration, and specific molecular signals. Although nuclear maturity of spermatozoa is also essential for male pronucleus formation in ICSI, condensation defect solely cannot explain the adequate causes of fertilization failure in ICSI. Some other factors such as post-denudation membrane resistance of oocyte, morphology, and defect in oocyte-activating factors can directly affect the ART outcome. 5 lm) ; B, height profile of the vacuole retained acrosomal region; C, height profile of the spermatozoa head; D, amplitude image of abnormal sperm; E, 3D/ topographical view of abnormal sperm with a well marked groove; F, 3D/ topographical view of abnormal flagellum with a well marked groove; G, height image of sperm with compactly arranged mitochondria in a folding manner over mid-piece region; H, 3D/ topographical view of mid-piece region; I, height profile of the each fold in the mid-piece region. [Colour figure can be viewed at wileyonlinelibrary.com] Furthermore, at high magnification, topographical views from AFM generated images of heads with tapered and amorphous shapes elucidated different shapes of nucleus with higher topographical height than those of normal forms. Surface roughness was two times higher in amorphous heads than the normal spermatozoa. Moreover, a previous AFM study illustrated no change in chromatin volume in different sperm head shapes (Lee et al., 1997) . Based on the structural information from animal studies (normal, wild, and mutant mice), a model on sperm head shaping was proposed explicating the exogenous force exerted by F-actin hoops and endoplasmic cisternae of Sertoli cells as determining factors, for the diminution of nucleus along with the perinuclear ring which gives the right shape of elongating spermatid (Kierszenbaum & Tres, 2004) . It could be predicted that defective nuclear shaping might be interfering with the activity of some proteins/biological motors, those regulate proper Golgi spreading over peri-nuclear theca in giving rise to abnormal head shapes with least fertilizing potential.
The addition of new applications in AFM has helped a lot in recognizing single molecules by a ligand-bound AFM tip which includes biotin-avidin, antibody-antigen, and DNA bases. Property of living bovine spermatozoa membrane with arbitrary deformation was reported too (McElfresh et al., 2002) . AFM technique would be beneficial, if applied to understand the mechanism of intermolecular interactions, regulating the nuclear shaping and Golgi spreading, through ligand-receptor-binding procedure, in future.
Similarly, AFM height imaging presented a compact arrangement of mitochondria in the midpiece region with a thickness around 250 nm in topographical views-an interesting finding, unavailable in SEM imaging. In the amplitude AFM image of the midpiece region, outer dense fibers were clearly visible with compact arrangements of mitochondria over axoneme, corroborating the similar finding in animal spermatozoa (Cho et al., 2004) . However, the presence of a well-marked groove in tails of both normal and abnormal forms, evident in the present AFM images, contradicted another report with the presence of the groove in normal healthy spermatozoa only (Joshi et al., 2001) . Images of tail anomalies were seen both in SEM and in AFM at high magnifications representing specific features, which could not be seen under light microscopy. Several animal studies showed clear acrosome and post-acrosomal segments, midpiece, and tail with the height profile in AFM imaging (Ellis et al., 2002; Saeki et al., 2005; Ierardi et al., 2008) .
Here, the morphology of spermatozoa of teratozoospermia cases was analyzed through high magnifications, which presented a mixture of pathological forms. Previous studies on healthy donors also did not reveal any high percentage of normal forms. It is still unresolved that a mixture of sperm anomalies in a single ejaculate is a normal phenomenon or it is a resultant of sporadic defective spermiogenesis process. As the spermiogenesis is a complex process involving mostly 2300 genes (Massart et al., 2012) , it is reasonable to imagine that sperm anomalies occur by unknown chance factors. All the infertility cases are not due to known mutations causing globozoospermia. However, most genetic studies on spermiogenesis are carried out in animal studies only, and the expression of those genes in humans is yet to be confirmed.
The present study has some limitations. No stress parameters and socioeconomic status were measured in male patients that would alter sperm integrity. During IVF/ICSI study, female partners were randomly selected that would affect fertilization with respect to age, body mass index (BMI), and other female indications. Unexplained cases in ICSI were also included, which could be a contributing factor for low fertilization rate due to female partner alone.
In conclusion, the study revealed higher percentages of abnormal chromatin condensation in spermatozoa with round heads than other morphological forms, but in general grouping among subfertile males, no significant change in chromatin condensation was marked. Additionally, evaluation of condensation defect in normal spermatozoa could be a predictive factor for rate of conventional IVF. Further, in ultrastructure studies with respect to AFM imaging, different abnormal features of spermatozoa were depicted to understand the molecular aspects of spermatozoa, spermiogenesis, and their pathology.
